In eukaryotes, MAPK pathways play a central role in making several important cellular decisions, including cell proliferation and development of an organism. Ras, a small GTPase, 10 interacts with the protein Raf to create activated Ras-Raf complex (Raf dimer) that activates the downstream effectors in the ERK pathway, one of the many MAPK pathways. Malfunctioning Ras-Raf "switches" cause almost 30% of all known cancer. Hence, understanding Ras-Raf interaction is of paramount importance. Despite decades of research, the detailed mechanism of Ras-Raf interaction is still unclear. It has been hypothesized that Ras dimerization is necessary 15 to create the activated Raf dimer. Although there are circumstantial evidences supporting the Ras dimerization hypothesis, direct proof of Ras dimerization is still inconclusive. In the absence of conclusive direct experimental proof, this hypothesis can only be examined through indirect evidences of Ras dimerization. In this paper, using a multi-scale simulation technique, we provide multiple criteria that distinguishes an activation mechanism involving Ras dimerization 20 from another mechanism that does not involve Ras dimerization. The provided criteria will be useful in the investigation of not only Ras-Raf interaction but also other two-protein interactions.
INTRODUCTION 25
Ever since its discovery as an oncogene, Ras has been subject of intense scientific research [1] [2] [3] [4] [5] [6] [7] [8] [9] .
Part of that effort identified the interaction of its protein product Ras with other proteins, in particular Raf, and contributed to the discovery of the cell signaling networks. Since then, Ras-Raf interaction has taken a center stage in cancer research and it has been established as a 30 model system to study how mutated protein-protein interactions lead to cancer. In fact, mutated Ras-Raf interaction has been implicated in almost 30% of all known cancers and various other diseases 1 . Despite its notoriety, no universally effective drugs have been developed against Ras, leading the community to speculate that Ras is undruggable. However, this assessment reflects the frustration and the desperation of the scientific community, rather than being the 35 scientific truth. Our inability to produce effective drugs stemmed from an incomplete understanding of the interaction of Ras with other proteins [10] [11] [12] [13] . In fact, the detailed mechanism of Ras-Raf interaction is still a matter of debate.
Ras is a peripheral membrane protein that acts as a switch by binding to GDP or GTP (referred 40 to as Ras.GDP or Ras in this manuscript, respectively). In its GTP bound form, Ras binds to various effector proteins, including Raf 14 . Through a series of yet unclear steps, the binding of Ras to Raf leads to the formation of activated Raf dimers that activates the ERK signaling pathway in eukaryotes, a pathway that controls cell proliferation, cell growth, and cell differentiation, among other important cellular processes. While the role of Raf dimer formation 45 on ERK activation is well-established [15] [16] [17] [18] [19] [20] [21] , it is unclear whether Raf-dimer formation is mediated by monomeric Ras or dimeric Ras (Fig 1 A) 8, [22] [23] [24] [25] [26] [27] [28] [29] [30] . Recent experiments point in both directions [31] [32] [33] . Crucially, the most compelling experiments in favor of Ras dimer formation comes from direct observation using super-resolution microscopy, which has a resolution of 10-20 nm. However, Ras is approximately 2 nm in diameter. Therefore, close association of Ras proteins can be 50 interpreted as Ras dimers or even oligomers even in the absence of any dimers or oligomers (Fig 1 B) . Also, the low resolution of the microscope can exaggerate the number of dimers and trimers in cases where Ras truly dimerizes ( Fig 1C) . Because of which, using direct observation, it is difficult to resolve the debate in favor of one hypothesis or the other.
55
To circumvent this status quo, we propose to resolve this debate using indirect evidences. In this paper, we investigate three hypotheses that investigate Raf dimerization in the presence and absence of Ras dimerization. Experimental evidences show that membrane proteins are subjected to nontrivial diffusive transport 34 . Therefore, assuming that either Ras or Raf is wellmixed may lead to erroneous results and spatiotemporal simulation of their interaction is 60 necessary. We use a recently developed spatiotemporal simulation technique, BD-GFRD [35] [36] [37] [38] [39] [40] [41] , to investigate Ras-Raf kinetics in biologically relevant concentrations and timescales. Ras-Raf interaction is endowed with multiple timescales that vary depending on the concentration of Ras and Raf. The concentration dependence of these timescales provides a useful set of probes through which we investigate the indirect effect of the presence or absence of Ras dimerization 65 in Ras-Raf interaction. 
METHODS

Ras-Raf interaction model 85
The formation of phosphorylated (activated) Raf dimers is necessary to activate the various downstream effector proteins in ERK pathway. However, the details of the dimerization process are still poorly understood. Experimental data suggests that sometimes Raf dimers form only after forming stable complexes with membrane bound activated (GTP bound) Ras. 90
Unfortunately, most of these measurements are based on optical microscopy, which cannot resolve the interactions between Ras and Raf in the course to form Raf dimers. Because of which, two competing hypotheses has been proposed. In this paper, we investigate the consequences of the underlying assumptions of these hypotheses. In particular, we test how these assumptions influence the activation timescale of Raf dimers and the fraction of activated 95 Raf dimers.
Hypothesis 1: Ras does not dimerize
The first hypothesis proposes that Ras ( ) does not form homodimers, and it diffuses freely on 100 the plasma membrane. Raf ( ) binds to individual Ras and the resultant heterodimer ( ) binds with itself to form the Raf dimer ( # # ). The Raf dimers phosphorylate each other through colliding with each other 21, 42 . The activation kinetics is an assumption of the model. The activation kinetics of Raf remains unclear and currently available experimental data does not rule out activation through interaction of two diffusing # # s. The following set of chemical 105 reactions represent this hypothesis. For clarity and brevity, we represent Ras and membrane bound Raf through the symbols and , respectively. Also, we represent an activated molecule by adding an asterisk (*) to its symbol.
Hypothesis 2: Ras homodimers are necessary for Raf dimerization
The second hypothesis assumes that free Ras cannot bind to Raf and they need to dimerize before they can bind to Ras. In this hypothesis, Ras forms homodimers ( # ) by binding to another Ras. Two cytosolic Rafs bind to the Ras dimer and form Raf dimers that activate using 120 the same mechanism as in the first hypothesis. The chemical reactions governing second hypothesis are:
Hypothesis 3: Both mechanisms present
In this hypothesis we assume that both free Ras and Ras dimers can bind to Rafs. However, a
Raf bound Ras cannot form a Ras dimer, i.e., the reaction + → # is not allowed. The activation process is same as the two previous hypotheses. The corresponding chemical 135 reactions are:
Simulation Details:
BD-GFRD: 150
Ras-Raf interactions span multiple timescales: Once Ras and Raf are within interaction distance, formation of Ras-Raf complexes take picoseconds to nanoseconds, but, in biologically relevant concentrations, it usually takes milliseconds or seconds for a Ras and Raf to come within interaction distance. Therefore, any simulation of Ras-Raf interaction should account for 155 both timescales. This requirement rules out all-atom or coarse-grained spatiotemporal simulations, which, at best, can reach milliseconds timescale for a single protein. On the other extreme, well-mixed chemical reaction models can capture all timescales, but leaves out important spatial correlations. Green's function reaction dynamics (GFRD) [38] [39] [40] 43 , a recently developed multi-scale method, solves this conundrum. In BD-GFRD [35] [36] [37] , an updated version of 160 GFRD, one can perform spatiotemporal simulations that can access seconds and minutes timescale.
BD-GFRD leverages on the fact that biological systems are dilute and biomolecular interactions are short-ranged. These two constraints partition the simulated particles into two groups. 165
Particles that are within interaction radius of each other are simulated using a molecular mechanics algorithm, e.g., Brownian Dynamics (BD). Particles that are far apart from other particles are treated as independent particles and they are propagated diffusively using GFRD, which is an event-driven algorithm. When a particle can be treated as an isolated (noninteracting) entity, GFRD computes the Green's function for the diffusion equation for that 170 particle with an appropriate boundary condition. We sample the next event time and position from the computed Green's function. Thus, by simulating the computationally expensive free diffusion using an event-driven algorithm, BD-GFRD can achieve almost a million times speed up compared to all-atom or coarse-grained simulations. One should note that we can calculate the Green's functions for spherical particles only 35, 36, 43 . Therefore, in our model, we treat every 175 complex as a sphere with radius commensurate with their mass.
The association reactions are modeled as instantaneous processes. When two molecules come within a distance ,--. of each other they react instantaneously and form the protein complex ( Fig 2B) . We use the same criterion for the activation reactions as well. 180
For dissociation reactions, we assumed that the equilibration of the bond dissociation happens much more quickly than two consecutive dissociation events. Under this assumption, the dissociation events follow a Poisson process and the dissociation times are exponentially distributed. Once two molecules dissociate, they are placed at a distance /0--. from each other. 185
We chose /0--. in such a way to ensure that the dissociated molecules do not immediately bind to each other ( Fig 2B) . <(>) ?@
?@ is the partition function in 2D. The free energy is non-monotonic, with a finite barrier at ≈ 2 . Hence, after a dissociation reaction, the dissociated molecules 195 are placed at a distance /0--. = 2 from each other. We chose the minimum distance for association reaction, ,--. ≈ 1.35 , to ensure that the associating molecules are well below the free-energy barrier.
Simulation Parameters: 200 We performed all simulations on a two-dimensional 1 × 1 simulation box with periodic boundary condition. All molecules and , except # # and # # * , that reacted together in a reaction interacted with each other through isotropic Lennard-Jones interaction with interaction strength, 0Q = 5 , and cutoff radius R = 2.5 0Q , where 0Q = 0 + Q is the sum of the radius of 205 the two interacting particles. All other molecules, including # # and # # * , interacted with each other through repulsive WCA potential with 0Q = 3 . We list the mass and radius of all molecules in the table below.
We used a Langevin integrator at 310 K for the Brownian dynamics. We computed the diffusion 210 constant using Stokes-Einstein relation:
where is the membrane viscosity. We used a membrane viscosity of 120 cP, which is close to the membrane viscosity of eukaryotic cell membranes 44, 45 .
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We picked ,--. ≈ 1.35 0Q by examining the free energy landscape of Lennard-Jones potential.
Also, we picked /0--. = 2 0Q using the free energy landscape. We chose the dissociation rate for all dissociation reactions to be 10/s 46, 47 . assuming that the protein is a sphere of radius and is embedded in an isotropic fluid of viscosity = 120 cP. Fortunately, Ras-Raf interaction is endowed with multiple timescales that all are potential experimental probes. For example, in hypothesis 1, and combine to produce the Ras-Raf complex, , which first occurs at a timescale de .
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RESULTS
can either irreversibly combine with itself to form the inactive Raf dimer, # # , or it can reversibly dissociate back to free Ras. Because of 255 which, the concentration of changes non-monotonically with time and peaks at a time, f:,[ , which depends on a,-and a,b . Also, because of the competition between the dissociation and the combination reactions, # # forms at a timescale d g e g and the first activation of Raf dimers happen at a timescale h . Understandably these timescales depend on a,-and a,b .
Characterizing the concentration dependence of these timescales is important to construct a 260 dynamic picture of Ras-Raf interaction and to develop them as potential experimental probes for Ras-Raf interaction.
Two different timescales, d g e g and h , are common to all three hypotheses. Hence, we compare and contrast them here. The Raf-dimer formation varies across the three hypotheses, 265 whereas, the activation process remains same. Therefore, using these two timescales, we can probe respectively the direct and the indirect consequences of our assumptions in the three hypotheses. To understand these relationships, we probe these two timescales over different 
Concentration dependence of timescales 280
To disentangle how a,-and a,b influence the timescales, we study their individual contribution on the timescales d g e g and h . We vary either or F concentrations, keeping the concentration of the other molecule fixed. We refer to the former as the probe and the later as the control molecule. 285 Variation of d g e g d g e g varies similarly with a,- (Fig 4 A-C) and a,b (Fig 4 D-F) across the three hypotheses. In all three cases, d g e g decreases with increasing probe molecule concentration, eventually 290 saturating to a timescale dependent on the control molecule concentration. For example, for a,-= 8 and in hypothesis 1, d g e g decays from a maximum value of ∼240 ms for a,-= 8 to ∼ 50 ms for a,b = 50 and stays there till a,b = 100, the highest concentration probed (Fig 4A) .
Although the data for Fig 4F is noisy, the decreasing trend is easily discernible. The decay rate of d g e g with the probe concentration is same across different control molecule concentration, 295 and across different hypothesis. In contrast, the asymptotic timescale, i.e. the timescale at large probe molecule concentration, varies similarly with both control molecule concentration under a hypothesis, but the variation is different across hypothesis. For example, in Fig 4G, the asymptotic d g e g varies as Fl.m , independent of the chosen control molecule; is the concentration of the control molecule. However, asymptotic d g e g varies as Fl.n and Fl.# for 300 hypotheses 2 and 3, respectively. Thus, the effect of the hypothesis is directly reflected in the variation of asymptotic d g e g with respect to the concentration of the control molecule. It is unclear what processes determine the observed scaling. We suspect the underlying reaction kinetics is the main determinant of the timescales, because if these timescales resulted from a diffusion limited process, then the timescale would decay as Fl , which is the well-known Purcell scaling 48 .
Variation of h 310 Unlike d g e g , h varies differently with a,-and a,b across the three hypotheses. For hypothesis 1, h decays with both probe concentrations, and asymptotes to a value depending on the control concentrations, in a fashion similar to d g e g . In contrast, for hypotheses 2 and 3, the variation with respect to probe molecules depend on the choice of the probe. If the probe molecule is , and the control molecule is , then h decays with increasing concentration and asymptotes to a value that only depends on a,-. However, if is chosen as the probe and as the control, then for low a,b h increases with increasing a,-and asymptotes to a value depending on a,b . Remarkably, in both hypotheses 2 and 3, Ras dimerizes, whereas in hypothesis 1, Ras does not dimerize. Does Ras dimerization cause the observed anomalous variation of h ? 320
To answer this question, we investigated how the time series of concentrations for hypothesis 2 and 3 at low concentrations of ( Fig 6) . We find that for hypothesis 2, the delay results from the formation of # , which forms from the irreversible association of a Ras dimer, # , and free Raf, . When a,-is low, # forms with less propensity and enough remains available to form at 325 least two # # , the minimum number of inactive Raf dimer required for the activation reaction.
As a,-increases, # forms with increasing propensity, resulting in decreasing number of available in the simulation box. Because of which, the propensity of the formation of # # decreases with increasing a,-and the activation timescale increases. A slightly different mechanism causes the anomalous variation in hypothesis 3. In this hypothesis, as a,-is 330 increased, the propensity of and # formation increases. Because of which, free remains present in low numbers until dissociates back into free and . A lack of free decreases the propensity of the formation of # # that increases the activation time (Fig 6 and S1) .
Therefore, resource limitation caused by the low concentration of is the principle reason behind the anomalous behavior. However, the low concentration of affects the activation 335 timescale because Ras-dimerization mediated two-step Raf-dimer formation mechanism ( # + → # , # + → # # ) requires more freely available . Even if the formation of # were reversible in both hypotheses, we would have similar delay, because, in such a case, we would have to wait until the release of from # . Hence Ras-dimerization is the underlying cause of the observed anomalous behavior. 340
Although the variation of h with respect to probe concentration depends on the underlying hypothesis, the variation of asymptotic activation time with control molecule concentration remains uniform across the three hypotheses! In all three cases, the asymptotic timescale varies as Fl.m , where, like d g e g , is the concentration of the chosen control molecule. Again, 345 the asymptotic timescale does not follow Berg-Purcell scaling, implying that the underlying reaction kinetics determine the asymptotic timescale. figure) . What determines the value of is unclear, but we hypothesize that the difference arises from the difference in the underlying 375 kinetics. 
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Reaction kinetics
Although the molecules in our simulation box move diffusively, as we have seen, their reaction timescales differ significantly from the limit set by pure diffusion. Hence, we suspect that the underlying reaction kinetics set the observed timescale. Because the activation timescale varies 405 uniformly across the three hypotheses, we investigate its variation with the control molecule concentration, .
In our models, a # # molecule gets activated when it collides with another # # or # # * molecule. However, because the activation time is the time at which the first activation reaction 410 happens, its kinetics is entirely determined by the concentration of # # , [ # # ]. In particular, we find that the concentration of # # right before the activation event is related to the inverse of the activation time through a simple well-mixed mass-action like form. That is the activation rate, where is the rate constant. This relationship holds uniformly across the three hypotheses, as we show in Fig 7A. In fact, the rate constant is exactly equal to the inverse of the activation time if there were only two # # (≈ 6 × 10 Fz Fl z ). The uniformity of the activation kinetics 420 and the uniformity of the power law exponent of the asymptotic h across three hypotheses lends credence to our suspicion that the underlying reaction kinetics sets the timescale. If this suspicion is true, then the kinetics of # # should be different across the three hypotheses. We find this to be the case for hypotheses 1 and 2 ( Fig 7B) . We could not compare hypothesis 3 with the other hypotheses because # # forms through two different processes in hypothesis 3. 425 Therefore, the total mass action flux is a weighted sum of the two fluxes:
Hence, the rate constant cannot be compared in a straightforward manner, like the other two hypotheses.
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We consolidated the connection between the asymptotic scaling and underlying kinetics by repeating the above analysis for other molecules (Fig 7 C-H) . We list the mass action fluxes for the corresponding reactions in Table 2 . We found that the asymptotic scaling of the timescales reflects the deviation from mass-action kinetics. For example, in Fig 7C, the deviation from mass-action like behavior is different for hypothesis 2 and 3. For hypothesis 2, increases 435 monotonically with [Φ]. In contrast, for hypothesis 3, decreases with [Φ] initially and then it increases with [Φ] with the same functional form as in hypothesis 2. This difference is also reflected in the scaling of asymptotic d g with a,-. For hypothesis 2, we observe a single power law. However, for hypothesis 3, the scaling is Berg-Purcell like in the beginning, which changes to the same power law we observe for hypothesis 2. We observe a similar correlation between 440 the underlying kinetics and the scaling of the asymptotic timescale for and # . Table 2 : Mass-action flux: Flux of the reactants to produce the molecule listed on the left-most column, as modeled by the well-mixed mass action kinetics. Some reactions are not available in all three hypotheses. Where they are absent, we mark the flux by "-" sign. † # # forms through two different mechanisms. Hence, the mass-action flux does not have a simple form.
Hypothesis 1 Hypothesis 2 Hypothesis 3
So, we did not compute the mass-action flux for hypothesis 3. scaling for all the cases except variation with respect to a,-in hypothesis 2.
DISCUSSION
Using a novel spatiotemporal simulation technique, we have investigated how Ras dimerization 470 affects Ras-Raf interaction. We have compared and contrasted the kinetics of three hypotheses that consider Ras-Raf interaction kinetics in the absence or presence of Ras dimerization. As expected, we find that multiple timescales are a feature common to all three hypotheses. These Due to the simplicity of our system, these predictions may not be directly tested in vivo, where unusually low concentration of Ras may render the cell-line nonviable. 490
The kinetics of the Raf dimer activation follow well-mixed mass action kinetics. We find this observation to be the exception, rather than the norm because the kinetics of the formation of the intermediate complexes do not obey mass-action kinetics. The underlying reason for such strange reaction kinetics is unclear, but we suspect two probable factors combine to produce 495 such unusual kinetic behavior: (a) inter-particle interaction and (b) reaction timescales. Firstly, every other reaction except the activation reaction is an association reaction, where the reacting molecules interact with each other through attractive Lennard-Jones potential. In the activation reaction, the inactive Raf dimers interact through repulsive WCA interaction, which can be approximated as hard-sphere interaction. It has been suggested that mass-action kinetics works 500 only when the interacting particles interact through hard-sphere interaction 49 . In the presence of attractive interaction, mass action kinetics breaks down. Secondly, the activation reactions occur at a timescale long enough to explore the simulation box completely. Hence, the wellmixed assumption is justified. In contrast, other reactions occur at timescales that are orders of magnitude smaller than the activation timescale. It is impossible to explore the entire simulation 505 box in such a short time and the well-mixed approximation breaks down. It will be interesting to disentangle the role of the timescale and the interaction in the Ras-Raf kinetics. In particular, it will be useful to understand under what conditions our results are comparable to a well-mixed reactor where reactants interact with mass-action kinetics.
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Despite the simplicity of our model, it has nontrivial kinetic behavior which are both biologically and chemically interesting. It is likely that our hypotheses will be limited in scope to in vitro studies, where Ras-Raf interaction can be studied in isolation. In the presence of other interacting proteins, for example in vivo studies, the kinetics is likely to be far richer than what we have observed here. In particular, the competition between Raf, PI3K, PLCε and other 515 effectors of Ras will lead to interesting resource limited kinetics spanning multiple timescales, potentially similar to what we have observed here. The main challenge lies in studying these proteins in biologically relevant conditions. Proteins interact with other proteins through highly anisotropic and specific forces, which we have ignored in our current model by choosing isotropic interactions of identical strength. The presence of anisotropy and specificity can vastly 520 change the timescales of interaction and the resultant kinetics. Also, proteins can indirectly interact with other proteins through the lipids present in the membrane. Simulating the lipid dynamics in conjunction with protein dynamics is beyond the scope of BD-GFRD. Hence, we have to incorporate the effect of lipids through some effective contribution. For example, in this work, we have incorporated their effect through the viscosity of the membrane. We envision to 525 incorporate the anisotropy and the specificity of protein interactions in our model. However, the intended purpose of BD-GFRD is not to simulate biomolecular interactions with detailed biomolecular interactions. Specialized simulations 50 are in development to answer these questions, which can accommodate detailed biomolecular interactions but fail to reach experimentally accessible timescales. BD-GFRD takes a complementary approach by trading 530 biological details for long timescale simulation. In this way, these very different approaches can complement each other's findings. For this work, we found it necessary to keep our model simple to understand the role of Ras dimerization in Ras-Raf interaction. Despite these simplifications, the predictions from our model are quite general and experimentally testable with available technologies. 535
To conclude, Ras dimerization affects the kinetics of Ras-Raf interaction and this influence is reflected in the long timescale behavior of the underlying molecular concentrations. Our results offer a well-defined and well-characterized null hypothesis through which Ras-Raf interaction can be probed to its full extent. 540
